This is an Open Access article licensed under the terms of the Creative Commons AttributionNonCommercial-NoDerivs 3.0 License (www.karger.com/OA-license), applicable to the online version of the article only. Distribution for non-commercial purposes only. Abstract Background: Shear stress imposed by blood flow directly impacts endothelial cells (ECs), which are simultaneously influenced by neighboring vascular smooth muscle cells (VSMCs). However, the mechanisms by which shear stress and VSMCs modulate EC proliferation remain to be elucidated. Methods: ECs, cultured alone or co-cultured with VSMCs, were subjected to a normal level of laminar shear stress (NSS) of 15 dyne/cm 2 or kept under static conditions by using a parallel-plate flow chamber system, respectively. Results: BrdU incorporation assay and flow cytometry revealed that NSS inhibited EC proliferation with or without VSMCs. Western blot analysis demonstrated that NSS down-regulated the expression of Connexin40 (Cx40) in both ECs cultured alone and ECs co-cultured with VSMCs, accompanied by the increased expression of SIRT1. Moreover, salermide, an inhibitor of SIRT1, as well as SIRT1-specific siRNA transfection inhibited the effect of NSS on EC proliferation and Cx40 expression. In contrast, resveratrol, a SIRT1 activator, induced an alteration in ECs similar to the application of NSS. Conclusion: NSS inhibits the proliferation of ECs via SIRT1 and Cx40 in the presence or absence of VSMCs. The data suggest that NSS plays a protective role in vascular homeostasis by maintaining EC proliferation at a normal level.
Introduction
Vascular endothelial cells (ECs), which form the interface between the flowing blood and the vessel wall, are exposed to mechanical forces induced by the pulsatile blood flow, such as shear stress, circumferential stretch and hydrostatic pressure. ECs are uniquely exposed to shear stress at the luminal surface of the blood vessel, and flow shear stress is one of the mechanical stimuli that regulate the balance of protein synthesis, morphology, migration, proliferation and survival of ECs [1] . Many studies have shown the effect of shear stress on EC proliferation. For example, steady laminar shear stress, as an atheroprotective factor, inhibits EC proliferation [2] [3] [4] [5] . However, the majority of these studies used a monolayer of ECs cultured alone as an experimental model, which may not accurately reflect the environment of ECs in vivo. ECs are also influenced by neighboring vascular smooth muscle cells (VSMCs) in the blood vessel wall. The interaction between ECs and VSMCs plays an important role in maintaining the normal vascular structure and function [6] [7] [8] [9] . However, the effect of shear stress on EC proliferation in presence of VSMCs and the underlying mechanisms involved have not been well elucidated.
There are reports of the transmission of mechanical signals through gap junction proteins, which consist of intercellular channels that ensure direct communication between ECs and VSMCs [10] . Gap junctions (GJs) are channel-like proteins that connect the cytoplasm of neighboring cells and allow small molecules and ions to pass freely between the cells, modulating and synchronizing their intracellular environments [11] . Studies have shown that ECs express 3 types of GJ proteins called connexins, Cx37, Cx40 and Cx43 [8, 12] , and VSMCs typically express Cx37, Cx40, Cx43 and Cx45. Cx40 is located predominantly in the ECs, and Cx43 is the most prominent gap-junction protein found in the VSMCs [13] . Mutations in the endothelial connexin genes are associated with atherosclerosis, cardiac infarction, and hypertension. Both Cx40 and Cx43 participate in ballooninduced neointimal proliferation [14] . While, Li, et al. reported that Cx43, rather than Cx40, contributes to the proliferation of VSMCs suppressed by the angiotensin II (Ang II)-converting enzyme inhibitors in balloon injury [15] . Since there is evidence that mechanical stress modulates the expression of Cx43 [16] , we hypothesized that connexins are involved in the modulation of EC proliferation by shear stress and sought to determine what type(s) of connexins were involved. SIRT1, also known as Sirtuin 1, is a nicotinamide adenine dinucleotide (NAD)-dependent class III histone deacetylase (HDAC). SIRT1 removes acetyl groups from many non-histone proteins, and is involved in a broad range of physiological functions, including the control of gene expression, metabolism, and aging [17, 18] . Increasing evidence has demonstrated the protective roles for SIRT1 in vascular biology and atherosclerosis. SIRT1 prevents hyperglycemia-induced endothelial cell dysfunction by repressing p66Shc expression [19] . SIRT1 has been found to modulate proliferation and senescence in ECs [20, 21] . A recent study revealed that shear stress regulates SIRT1 expression and activity [22] . Furthermore, trichostatin A, an inhibitor of HDAC I/II, was found to up-regulate the expression of Cx43 in prostate cancer cells and hepatocytes and down-regulate the expression of Cx26 in hepatocytes [23] [24] [25] . However, the relationship between SIRT1 and connexins remains unknown. Therefore, we further analyzed whether SIRT1 and connexins were involved in the modulation of EC proliferation by shear stress.
Our studies were designed to determine the effect of NSS on the proliferation of ECs cultured alone or co-cultured with VSMCs and the roles of connexins and SIRT1 in the process. These data will provide important insights into the mechanisms whereby shear stress regulates EC functions.
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Materials and Methods

Cell culture
The animal care and experimental protocols conformed to the Animal Management Rules of China (Documentation 55, 2001, Ministry of Health, China). ECs and VSMCs were isolated from the thoracic aortas of male Sprague-Dawley rats, 220-260 g, by a digestive method for ECs [26] and an explant method for VSMCs as previously described [27] . ECs, between passages 2 and 4, and VSMCs, between passages 4 and 8, with cell populations of more than 95 % purity were used in all experiments.
EC-VSMC co-culture model and shear stress loading
A co-culture model was established using a cell culture insert with a 10 µm thick porous polyethylene terephthalate (PET) membrane (Becton Dickinson Labware, NJ, USA) as previously described [28] . Briefly, each PET membrane contains 1.6×10 6 pores/cm 2 , and each pore is 0.4 µm in diameter. ECs were seeded onto the outer surface of the PET membrane at a density of 2×10 5 cells per insert. After incubating for 8 hours to allow for attachment, the insert was placed with the EC side down into a 6-well plate containing complete culture medium. For the EC-VSMC co-culture model, VSMCs were seeded onto the inner surface of the PET membrane at a density of 1-2×10 5 cells per insert. ECs were maintained in Medium 199 (Gibco) essential medium supplemented with 20% heat-inactivated fetal bovine serum (Gibco), 5 ng/ml human aFGF (Sigma), 100 mmol/L HEPES, 100 U/mL heparin (Sigma), 100 U/mL penicillin and 100 µg/mL streptomycin. VSMCs were maintained in Dulbecco's modified Eagle's medium (DMEM, Gibco) containing 10% heat-inactivated fetal bovine serum, 100 U/mL penicillin and 100 µg/mL streptomycin. When the cells reached confluence, the insert, which had been seeded with ECs alone or co-cultured with VSMCs, was assembled into a parallelplate flow chamber system as previously described [26] , and a normal level of laminar shear stress (NSS) of 15 dyne/cm 2 was applied to the ECs for 12 hours. There were 4 groups in the present study: (a) ECs cultured alone in the static mode (the control, EC/O); (b) ECs cultured alone and exposed to NSS for 12 hours (EC/O+NSS); (c) ECs co-cultured with VSMCs in the static mode (EC/VSMC); and (d) ECs co-cultured with VSMCs and exposed to NSS for 12 hours (EC/ VSMC+NSS).
Cell proliferation assays
The cell proliferation was analyzed with a colorimetric bromodeoxyuridine (BrdU) kit (Roche Diagnostics) and flow cytometry (FCM). For the BrdU ELISA, after the application of NSS, the cells were digested and seeded at a density of 1× 10 5 cells per well in 96-well plates, the BrdU labeling reagent was added into the culture medium (1:1000), and then the plates were incubated for 12 hours. The cells were fixed with a FixDenat solution for 30 minutes at room temperature and then incubated with an anti-BrdU peroxidase working solution (freshly diluted 1:100) for 90 minutes according to the manufacturer's instructions. Following three rinses with washing buffer, 100 µl/well of substrate solution was added to the cells and incubated for 20 minutes at room temperature. Thereafter, 25 µl H 2 SO 4 (1 mol/L) was added to each well, and the 96-well plates were shaken for 1 minute. The absorbance at 450 nm was measured in an ELISA plate reader (Bio-Rad 680).
For the FCM assay, after NSS application, the cells were treated with a 0.125% trypsin solution, gently fixed by adding 75% ethanol, and placed in a -20°C freezer for 2 hours. The cells were then treated with 0.5% Triton X-100 for 5 minutes in an ice bath. The cells were resuspended in 300 µL of PBS containing 50 µg/mL propidium iodide and 10 µg/mL RNase. The cells were then incubated in a dark room for 30 minutes at room temperature and analyzed with a FACScan flow cytometer (BD Biosciences FACSCalibur TM ).
SDS-PAGE and Western blot analysis
Protein extracts were separated by 12% SDS-PAGE. The proteins were detected using primary antibodies specific for Cx37 (Abcam, 1:500), Cx40 (Santa Cruz Biotechnology, 1:600), Cx43 (Zymed, 1:600), SIRT1 (Santa Cruz Biotechnology, 1:300), and GAPDH (Santa Cruz Biotechnology, 1:600). After incubation with alkaline phosphatase-conjugated secondary antibodies (Jackson Immunoresearch), the signals were visualized by nitroblue tetrazolium-bromochloroindolyl phosphate (Bio Basic, Inc.) and quantified with Quantity One software (Bio-Rad).
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Inhibitor and activator protocols and SIRT1 siRNA transfection For the inhibitor and activator studies, resveratrol and salermide, a specific pharmacological activator and inhibitor of SIRT1, respectively, were used. Alcohol and DMSO, the respective solvent for resveratrol and salermide, was present at same concentrations in all groups, including the control. ECs were treated with resveratrol (50 µmol/L, Sigma) for 24 hours in the static mode, or pretreated with salermide (50 µmol/L, Merck) for 12 hours prior to NSS loading. Controls were included in each case.
For the RNA interference experiment, ECs were transfected with 100 nmol/L of SIRT1 siRNA or control non-silencing siRNA (Gene-Pharma, China) for 6 hours using lipofectamine 2000 (Invitrogen) in Opti-MEM medium (Gibco) according to the manufacturer's instructions. The sequences of the siRNA oligos are as follows: SIRT1 siRNA: sense 5'-GAU UUA UUA CCA GAA ACA ATT-3' and anti-sense 5'-UUG UUU CUG GUA AUA AAU CTT-3'; Cx40 siRNA: sense 5'-GGG UAC UGC AGA UCA UCU UTT-3' and anti-sense 5'-AAG AUG AUC UGC AGU ACC CTT-3'; Cx43 siRNA: sense 5'-GAU UUA UUA CCA GAA ACA ATT-3' and anti-sense 5'-UUG UUU CUG GUA AUA AAU CTT-3'; non-silencing siRNA: sense 5'-UUC UCC GAA CGU GUC ACG UTT-3' and anti-sense 5'-ACG UGA CAC GUU CGG AGA ATT -3'.
Immunofluorescence staining
The attached ECs were fixed in 3.7% formaldehyde for 20 minutes, permeabilized for 5 minutes in 0.5% Triton X-100, and blocked with 10% normal fetal bovine serum in PBS for 30 minutes. Then, cells were incubated with the primary antibody against Cx40 (Santa Cruz Biotechnology, 1:25) at 4°C over night. ECs incubated without primary antibody served as the negative control. All the samples were washed in PBS for 30 minutes and incubated with a FITC-conjugated secondary antibody (Jackson Immunoresearch) along with DAPI for 1 hour at room temperature. The samples were examined with a laser scanning confocal microscope (Olympus, LV1000).
Statistical analysis
Each experiment was performed at least in triplicate, and all values are expressed as the mean ± SD. The student's t-test was used to compare two groups and the multiple comparisons were performed by one way ANOVA. Values of p < 0.05 were accepted as statistically significant, and p < 0.01 was considered to be remarkably significant.
Results
The effects of NSS and VSMCs on EC proliferation
ECs cultured alone or co-cultured with VSMCs were either exposed to 15 dyne/cm 2 of NSS or kept under static conditions for 12 hours. EC proliferation was evaluated by measuring BrdU incorporation into newly synthesized DNA, as well as the cell cycle distribution by FCM. As shown in Fig. 1A , the proliferation of ECs subjected to NSS was less than that in the static cultures both for ECs cultured alone and co-cultured with VSMCs. Fig. 1B shows that NSS also significantly reduced the percentage of cells in S phase in EC/O+NSS (1.92 ± 0.15 %) VS. EC/O (4.21 ± 0.31 %), and EC/VSMC+NSS (2.44 ± 0.27 %) VS. EC/VSMC (8.43 ± 0.23 %). There was no significant difference in the percentage of cells in G1/G0 and G2/M among all the groups. Under the static condition, the co-cultured VSMCs increased EC proliferation (Fig. 1A) and the percentage of ECs in S phase (Fig. 1B, EC 
NSS modulates the expression of SIRT1 and connexins in ECs
The effect of NSS on SIRT1 and connexin expression was determined by Western blot analysis after NSS application to the ECs for 12 hours. As shown in Fig. 2 , NSS increased SIRT1 expression and decreased Cx40 expression in groups EC/O+NSS and EC/VSMC+NSS compared with groups EC/O and EC/VSMC, respectively. However, there was no significant difference between groups EC/VSMC and EC/O. Fig. 2 also shows that NSS decreased Cx43 expression in ECs cultured alone, but there was no effect in ECs co-cultured with VSMCs. However, in the static mode, VSMCs decrease Cx43 expression compared with ECs cultured alone. There was no statistically significant difference in Cx37 expression among all the groups. These results indicate that in the co-cultured model SIRT1 and Cx40 are sensitive to NSS and may be involved in the NSS-modulated proliferation of ECs, while Cx37 and Cx43 may be not. Fig. 3 indicates that silencing SIRT1 increased Cx40 expression and EC proliferation. However, "knocking down" Cx40 attenuated SIRT1 expression and increased EC proliferation. Cx43 did not appear to be involved in the process. The results demonstrate that SIRT1 and Cx40 can influence each other. SIRT1 negatively regulates the expression of Cx40 in ECs, and the decreased Cx40 also down-regulates the expression of SIRT1. The down-regulation of SIRT1 enhances EC proliferation. Therefore, SIRT1 plays a critical role in modulating EC proliferation.
Silencing SIRT1 and Cx40 increased proliferation of ECs cultured alone in the static mode
Immunostaining of Cx40 in ECs cultured alone in the static mode
Cx40 distribution, regulated by SIRT1, in ECs was examined by immunostaining. ECs were cultured alone and treated with resveratrol (Fig. 4B) or salermide (Fig. 4D) for 12 hours. The images of the immunostained cells indicate that salermide increased while resveratrol decreased the expression of Cx40 compared with their respective control ( Fig. 4A and C) . Furthermore, the ECs transfected with the siRNA of SIRT1 expressed more Cx40 than those transfected with the non-silencing siRNA (Fig. 4E and F) . These results further confirm that SIRT1 is responsible for modulation of Cx40 expression in ECs.
Silencing SIRT1 inhibited the NSS-induced modulation of EC proliferation via Cx40 in coculture model
Whether SIRT1 was responsible for the NSS-mediated modulation of EC proliferation was examined by using a SIRT1 pharmacological inhibitor, salermide, and SIRT1-specific siRNA transfection. The co-cultured ECs were treated with salermide for 12 hours or transfected with the SIRT1 siRNA for 24 hours prior to loading NSS. As shown in Fig. 5A and B, salermide resulted in an increase in the proliferation of ECs and a significant decrease in SIRT1 expression. Although the expression of Cx40 seemed to be higher than the control, the difference was not statistically significant (Fig. 5B) . Using the siRNA specific for SIRT1 resulted in a significant decrease in SIRT1 expression and an increase in Cx40 expression as well as the proliferation of ECs (Fig. 5C and D) . The SIRT1 siRNA inhibited more efficiently than salermide did. These results indicate that inhibiting SIRT1 can reverse the effect of NSS by inducing Cx40 expression and EC proliferation and strongly suggest that SIRT1 plays a pivotal role in the process whereby NSS modulates EC proliferation and Cx40 expression.
Resveratrol, a SIRT1 activator, has effects on EC proliferation and the expression of Cx40 similar to NSS
To investigate whether SIRT1 activity directly modulates EC proliferation and Cx40 expression, the co-cultured ECs under static conditions were incubated with resveratrol, a SIRT1 activator. We found that resveratrol down-regulated EC proliferation and decreased Cx40 expression (Fig. 6A and B) , which were similar to the effects of NSS loading. These results demonstrate that the down-regulation of EC proliferation and decreased expression of Cx40 are induced by SIRT1, which is activated by either NSS or a specific pharmacological activator.
Discussion
ECs exposed to shear stress undergo a series of modifications in gene expression, which lead to functional changes. However, most of these prior studies did not consider the influence of neighboring VSMCs on ECs. Accumulating evidence has demonstrated that ECs and VSMCs affect each other in blood vessels [9, [28] [29] [30] [31] . One of the previous studies from our lab has shown that either NSS or VSMCs enhance EC migration separately, but the presence of NSS inactivates the effect of VSMCs on EC migration. In other words, NSS may play a protective role in vascular homeostasis by modulating EC migration [29] . However, the effects of NSS on EC proliferation in the presence of VSMCs and the underlying mechanisms involved remain unclear. The present study demonstrates that NSS inhibits the proliferation of ECs either alone or co-cultured with VSMCs via SIRT1 and the Cx40 gap junction channel, and the results suggest that NSS exerts a protective influence on vascular homeostasis by modulating EC proliferation to a normal level.
Other investigators have shown that mechanical signals are transmitted through gap junction proteins, which consist of intercellular channels that ensure direct interaction between ECs and VSMCs and the synchronization of their behavior along the vascular tree [10- There are many different reports concerning the function of connexins using different models, e.g., deletion of the Cx40 gene in mice results in a marked sustained hypertension [32] .
In an in vitro study, Cx43 can be increased by disturbed flow [33] , and an in vivo experiment has shown that Cx43 is highly localized to sites of disturbed flow in rat aortic ECs, but Cx37 and Cx40 are more uniformly distributed in situ [34] . When NSS provides a stimulatory signal, it is unclear from the existing evidence which vascular connexin isoforms, such as Cx37, Cx40 or Cx43, are involved and which gap junction locations are targeted, especially in the case where NSS affects the proliferation of ECs cultured with or without VSMCs. In the current study, an EC-VSMC co-culture system was used to mimic the physiological condition. Our results reveal that when ECs are cultured either with or without VSMCs, NSS represses EC proliferation accompanied by the down-regulation of Cx40 and up-regulation of SIRT1. However, Cx43 levels are down regulated in the EC by NSS, the co-cultured cells show a lower level of Cx43 which is not affected by NSS, which might be caused by both NSS and co-culture with VSMCs reduced the expression of Cx43 in EC compared with EC cultured along in static, and the existence of physiological component including VSMC and NSS played a notable role in reducing Cx43 to a low level without duplicate effect. Therefore, we first obtained quantifiable data to confirm that physiological steady shear stress modulates the expression of Cx40 and, to a lesser extent, Cx37 and Cx43 in ECs in the co-culture model system. This experimental model more closely approaches the physiological condition than a simple monolayer culture. SIRT1 has long been considered to be an anti-aging target and plays a critical role in prevention of cell senescence. The over-expression of SIRT1 inhibits prostate cancer cell lines [35] and pancreatic cancer cells [36] . While Zu, et al. reported SIRT1 promotes proliferation of primary porcine aortic ECs measured by crystal violet [21] , our results showed that the down-regulation of rat aortic EC proliferation is induced when SIRT1 is activated by either NSS or resveratrol, which is an activator doubled the rate of deacetylation by SIRT1 at about 11 µM [37] . Resveratrol increased the proliferative, migratory, and adhesive activities of endothelial progenitor cells [38] . A recent study showed that resveratrol inhibited cell proliferation in a time-and dose-dependent manner in cultured human aortic and pulmonary arterial ECs [39] . Cell number of human umbilical vein ECs in culture is decreased drastically at higher concentration of resveratrol (10 and 100 mg/ml). Proliferation promoting effect or no effect was also observed if the amount of resveratrol applied was very little [40] [41] . Therefore, these contrary results may be due to differences in sensitivity of resveratrol among these cells, the dose of resveratrol and the methods for examining cell proliferation.
The list of SIRT1 substrates is continuously growing and includes several transcription factors, such as the tumor suppressor protein p53, members of the FOXO family (Forkhead box factors regulated by insulin/Akt), and NFκB (nuclear factor kappa B) [42] . Chen, et al reported that laminar shear stress is atheroprotective and modulates eNOS via AMPK and SIRT1 [22] . Moreover, Cx40 and eNOS may form a protein complex, as evidenced by both immunoprecipitation and an in situ proximity ligation assay [43] . In the future, the relationship between SIRT1, Akt, eNOS and Cx40 should be investigated.
This study provides novel results regarding the relationship between the expression of Cx40, SIRT1, and EC proliferation under NSS in the co-culture model system and demonstrates that steady laminar shear stress inhibits the proliferation of ECs either with or without VSMCs via SIRT1 and Cx40. These findings may provide new insights into the regulation of EC biology by shear stress.
